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ABSTRACT 



An experimental investigation was uado in the GALCIT Hypersonic 
Wind Tunnel Leg No. 1 to determine the base pressure and static pleasure 
on a cone-cylinder at a nominal Tiach nunber of 5,8 in both one-phase and 
two-pliaso flow. 

The scope of the investigation was a determination of inter- 
ference data necessary for proper evaluation of base pressure results, 
investigation of the effect of Reynolds nunber on base pressure, and a 
comparison of experimental and theoretical static pressure distribution 
on a cone-cylinder. 

As has been noted by other investigators, viscous effects in 
hypersonic flow were quite pronounced and demonstrated the increased 
non-linearity of the problems in hypersonic flow. 
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I. liJIIODoCTION 



In supersonic and hypersonic flight, it has been found that base 
drag contributes a largo portion of th® drag experienced by die body* 

Since only United data seems to bo available on base pressure In die 

* 

hypersonic speed range, an investigation in this field was undertaken* 

In addition, it was desired to obtain sane static pressure data in which 
condensation of the constituents of the air was a factor* It can be 
easily seen that a hypersonic wind tunnel cannot reproduce exactly 
ambient conditions experienood in f 11 girt* Large expansion ratios lead 
directly to low anbient temperatures in the test section — much lower, 
in fact, than ambient tempera turc3 experienced at high altitudes. In 
previous investigations, the stagnation temperature was raised to as 
high a level as practicable so that the test section static temperature 
would not be low enough to permit condensation. However, an increase 
in time Mach number corresponds to a larger expansion ratio, viiich in 
tuna means an "increase in the temperature drop to static test section 

.■it 

conditions. It can be appreciated that the alternatives possible at 
higher Mach numbers for a wind tunnel using air are as follows: 

(1) Development of new rate rials and cooling to withstand very 
high stagnation temperatures 

(2) Analysis of data with condensation present 

Hie investigation of the effects of condensation of air upon 
the aerodynamic characteristics at higii Mach numbers lias boon discussed 
in Refs, 8 and 9, In undertaking the collection of static pressure 
data with and without condensation (also called two-phase and one -phase 
flow), no attempt was nade to formulate any theories. It was desired 
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to obtain the info motion so that it would be available to future 
investigators* 

All work was done at a nominal bach number of 5*8 in Teg lio* 1 
of the GALCIT Hypersonic v&nd Tunnql. However, the design and Materials 
used in the models wore chosen so t.at they might be used without 
modification in Leg lio. 2 at a Mach nunbor of approximately 10. 

Bofore ary base pressure determination could be made, it was 
necessary to obtain interference data at ■'die test Mach number of 5.8. 
Chapman, in Hof* 1, has specifically stated the need for such inter- 
ference data at the hi^iior Mach numbers. Briefly, the data was obtained 
by various combinations of sting and side support of the models. The 
various ramifications of this problem will be discussed at greater 
length in the appropriate section. 
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II. EXPERT fcJTAL D JIZ ITiIT AID PfDCIUURE 

A. Description ox the Uind Tunned and Instrumentation 

All testing was carried Out in the GALCIT 5" x 5" Hypersonic Hind 
Tunnel (Leg Ho. 1), which is of the conidnuoucly-operating, closed- re turn 
typo. Ihe required compression ratios wore obtained with five stages 
of Fuller rotary compressors, and, when necessary, an additional stage 
of Inge rs oil reciprocating compressors* Tie compress ore and all the 
valving wore operated remotely fren a master control panel located 
adjacent to the test section. The air heating system consisted of a 
multiple-pass heat exchanger with superheated steam as the heating 
medium. fie capacity of tie system was such that a stagnation temper- 
ature of 300°F u*s obtainable at a stagnation pressure of 91; *9 pr.ia. 

Oil removal was accomplished by cyclone separators after each 
compression stage, finely-divided carbon canisters, porous carbon filter 
blocks, and a fibre glass filter, 'fie air used during the tests con- 
tained approximately 2.5 parts per million (ppm) of oil fog ly weight. 

Viator was removed by a 2200-pound bed of silica gel in the main 
air circuit, which was reactivated fcy an integral blowor-heater-condenser 
system prior to each run, fie aximum water content of the air was kept 
below 100 ppn by weight at all times, the usual content being approxi- 
mately 22 ppm. 

'Ihe tests were conducted at a nominal Mach number of 5*8. fie 
nozzle blocks vrere designed by the Foelsch method with correction 
applied for the estimated boundary layer displacement thickness. Static 
orifices at one -inch intervals in the top and bottom nozzle blocks 
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permitted a check xiith the original nossle calibration to bo nade during 
cadi run* The results of independent static pressure survoyo wore utilised 
to detO'Tiino axial static pressure variation in the test rhombus * These 
tests indicated a negligible variation in the section used, and thus 
obviated any correction for tills effect* 

A 3 2- tube vacuum-referenced nanometer using DC-200 silicone fluid 
Vos used to neasure all static pressures* Tunnel stagnation pressure 
xjus measured xrith a Tate-Snoxy nitrogen-balanced gage, and this' pressure 
;jas controlled within -*0U psi by means of a llinneapolis-Iioncywell-B rown 
circular chart coat roller. 

Bio stagnation temperature was measured by a Ihereocouplo probe 
located one inch upstream from the nozzle throat* Hois temperature was 
recorded and controlled by means of a Himeapolis-Honeywoll-Broxin circular 
chart controller. All other temperatures necessary for plant operation 
were indicated on a 20-point Leeds and IJorthrup recorder. 

An optical system using a BK-6 steady source was used for die 

*W 

schlieren photographs of tho flow* 

B* Description of the r.cdolo 

In this investigation, three modols of basic cone-cylinder con- 
figuration were used. All models ’.rare constructed of stainless steel, 
with silver solder whoro necessary, thus enabling their use in Log lio* 

2 of the Hypersonic Wind Tunnel as well as leg !lo* 1* 

The models shown in Figs. 1 , 2, and h wore used for the tie ter- 
mination of interference data and base pressure data* Hie shrouds used 
for the tests wore slipped over tho sting when needed* Dimensions for 
tho shrouds wore d/h «* 0,5, 0,75 j 0,875, and 1*0* The model shorn in 
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Figs. 3 and was used for the determination of static pressure in one- 
phase and tuo-pnase flow. 

Ere basic L/D of the cone-blinder combination was chosen to bo 
the sane as the one discussed in Ref. 1 to facilitate possible comparison 
of tire data. The sting diameter was slightly larger than was desirable. 
However, availability and preliminary structural calculations dictated 
the particular choice. On the basis of previous investigations, it was 
felt that sting length would affect tire tests to a greater extent than 
sting diameter. 

Since a central body support was not available in tire tunnel, a 
modified roar support system xras utilised (Fig. 6). Rear support rods 
were fitted with two collars, the upstream collar being a cone-cylinder 
combination, and the sting went through the collars. Set screws in the 
collars wore used to maintain the lateral position of the model. 

For tiie tests requiring a sido support, a modified double wedge 
airfoil section was used. : ihis airfoil was silver soldered to a block 

It 

which was held ih a standard insert block on the floor of the tunnel 
(Fig. ?)• The sise of the airfoil was dete mined as the optimum which 
would allow certain features of the design assembly to be incorporated 
without undue difficulty of machining and which would probably, on the 
basis of other results, produce no undesirable aerodynamic effects. 

All threaded surfaces were copper plated with the idea that it 
would not be nocessary to unscrew any parts after having once seated the 
threads, thereby avoiding leakage around the threads* Subsequent leak 
tests showed tho necessity of coating the threaded surfaces with Glyptal 
to prevent leakage. The inside of the model shown in Fig. 3 was filled 
with Sauoreiscn cement to provide support for the static pressure lines. 
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C» Test Procedure 

1, Interference Data 

Bie model shown in Pig. 1 was sting supported with a d/h ° 0.3125. 

Tne support length from tho nodol base to the upstream tip of the first 
collar was variod flora four inc es to eight inches in increments of one 
inch. Uhe test was conducted under the following conditions: T 13 200°F., 

p ** 32.6 psig, Re “ 620000 (based upon the nodol length). This pressure 
was used in order to decrease the response tine no cess ary during -the 
testa to obtain an estimato of the critical length. Although it was 
desirable to repeat the test -at a lower pressure, subsequent tests showed 
that tho response tine would bo so great as to nnke tliis unfeasible with 
the present sysiesi, Therefore, tJ» tests at lower pressures were not 
made. 

As in Ref. 11 , the critical sting length is defined as the 'mini- 
run sting length possible for obtaining a base pressure which is 0.5$ 
of that obtained with an ,, infinite n length sting. Also, as in Iiof. 11 , 
tho critical sting length docreases nonotonically with increasing 
Reynolds number. Therefore, with the method used, no "feed-up' 1 frai 
the support would be encountered in subsequent tests if the sting length 
were fixed as satisfying the most critical conditions, naiely, tlie lowest 
Reynolds nunher. 

flio critical sting length having been determined, it was desirable 
to study the effect of variation of support diameter. For this, tie 
model was sting supported for tie various runs. Shrouds were merely 
slipped over tho sting to vary d/h thuos d/h • 0.3125 } 0.5, 0.75, 0.875, 1.0. 
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The runs were os follows: 
T 0 (°F.) 

225 

150 



P 0 (psig) 


Re x 10” 


32.6 


6.89 


60 


17.2 



It should be noted that ’the first run was with one-phase flow, 
while tiio second nn was with two-phase flow* 

2» Base Pressure Data 



For the doten-dnation of base pressure data, the model was sting 
supported and side supported with and without the durxiy sting for the 
various .runs. For a constant d/h « 0.3125, the following test runs were 
conducted: 



ToC^.) 


p^Cpeig) 


Re x 10“' 


- 28 0 

,-ifc 


80 


12 .U 


280 


32.6 


6.20 


280 


10 


3.23 


225 


80 


lk.0 


225 


32.6 


6.89 


225 


10 


3.65 


190 


80 


15.32 


150 


80 


17.2 
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3, Static Pressure Data 

With the stinc supported model as shown in Fig. 3# tests wore 



conducted in one-phase 


and two-phase 


flew as follows: 


T 0 (°F.) 


P 0 (psiG) 


Fie x 10“'’ 


22^ 


80 


1U.0 


225 


32.6 


6.89 


225 


30 


3*65 


150 


80 


17.2 



It should bo noted that the tuo forward orifices in the model 
3 hown in Fig* 3 are syrx.ietrical about the axis and were used to assure a 
zero angle of attack for the model in the test section flow. 

Sclilieren photographs taken during the tests are shown in Figs. 



8 and 9# 
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III. DISCUSSION OF RESUL'iS 
A. Sting Interference Investigation 

1. Critical Length of St inn 

The first tests wore node to determine tho ’’critical length” of 
the sting. Although, in the light of Ref. 11, it was desirable to run at 
the lowest available Reynolds nixibor, an inte mediate Reynolds number 
involving a p Q •» 32.6 pcig too run first. Even with this total 
pressure, response tine was approximately thirty minutes for each point 
determined. On this basis, it was dote rained that it would be difficult 
with the present instrumentation to run at tire lowest Reynolds number, 
requiring a p 0 “ 1 psig. r ihe results of these tests are shown on Fig. 

10. Interference fron the rear support on the base pressure was found 
to bo apparently non-existent for a sting length greater than seven 
inch.es. On the basis of tiiis information, sting shrouds 7.5 inches in 
length vie re contracted for further determination of Interference data. 
Base pressure measurements were taken cei on Alpliatren vacuum gage. 
However, the range of existing pressures was too high to utilise the 
Alphatron to the fldlest advantage that would be possible if pressures were cf the 
order of nic ratio of mercury. Therefore, it was dote rained that sub- 
sequent pressure measurements would be taken on the silicone nanometer. 

2» Sting Diane ter 

In the socond series of tests tho sting diameter was varied to 
dote rain o the effect on base pressure. For this study, shrouds of 
d/h *» 0.5, 0.75> 0.875, and 1.0 were used to fit over the original 
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stins. Base pressure neasuranents uerc taken in one -phase (T 0 «* 225°F., 

P 0 » 32.6 psig) and two-pha3c (T q ° 150°F., p Q ° 80 p3ig) flow. As 
stated previously, in taking those end all subsequent measurements tiio 
silicono nanometer was utilized, ihe results of these toots are shown 
on Fig. 11. %e tiro-phase flow showed rather conclusively that the 
original sting d/h was snail enough to mate reasonable the assumption 
of an absence of interference from the sting diameter* Ihe evidence 
was not so conclusive in the case of the emo-phase flow. Hie data 
shown vras substantiated by subsequent runs. However, due to material 
availability limitations, it was not possible to determine an inter- 
mediate point of d/h between 0.3125 and 0.5. Therefore, the shape of 
tire curve in this region could not be determined precisely. 

It has been stated in Ref. 6 that there should bo a slight 
increase in the negative amount of base pressure upon increasing the 
sting diameter boyond d/h «* 0.1. Later tests by Chapman indicate that 

JR 

the permissible ratio is higher than 0.1. Unfortunately, duo to expori- 

% 

nontal limitations, no results of tee present tests are conclusive as 
to the validity of an actual criterion in this Mach range. 

Reference 2 shows that, for Mach numbers greater than about 3# 
a nonotonic decrease in the absolute value of the base pressure coefficient 
Can be expected with an increase in support diameter. This conclusion 
wa 3 not substantiated in these tests. 

Finally, for structural reasons, the minimum permissible d/h was 
0.3125 in these tests, and to are forced to the conclusion that If any 
interference effect is present, it is small. Thus, the results of any 
future tests would have an uncertainty to the extont of this possible 



error. 
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B* Variation of Baso Pressure with Reynolds Humber 



The base 02x53311 re coefficient was defined as 



P - Poo 



p 4 pH 2 

2 L oo 0 o 

In the reduction of data, a nominal Mach number of 5*8 was used* This 
was chosen as representing an average value and obviated the difficulty 
of describing a Mach number in two-pliase flow. 

The third series of tests was to detemine the variation in 
base pressure with Reynolds number* Toward this end, tests were con- 
ducted with the following rx>del configurations : 

(1) Sting support alone (d/h “ 0*3125, l/h c 7.5) 

(2) Side support along 

(3) Side support with dummy sting (d/h «* 0*3125, l/h » 7.5) 

The results of these tests are plotted as £’ig* 12. Cor, paring 

. * 

the results fren tlie model conflguiation (2) with thoso of (3), the 
added effect of tlio sting was dote reined* This was applied as a 
correction to results from the node! configuration (1) to obtain tlie 
final curve* It can be seen that the variation of baso pressure with 
Reynolds number is comparatively small in the particular range of 
Reynolds numbero attained* However, as uas found at lower Mach numbers 
(Ref, 3), the variation is nonotonic with increasing Reynolds nmber. 

It has been stated in Ref, 3 that thin streamlined airfoils 
mounted on the body have little or no effect on base pressure* Since 
the side support used in tho presont tests conformed to tiio requirement 
of a thin streanlined airfoil, it would appear that the conclusion 
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drawn in Ref, 3 must be modified somewhat for the range of Mach and 
Reynolds timbers used during these tests, The use of the side support 
apparently did affect the base pressure considerably, and it would 
appear that the large viscous effects in the hypersonic range would 
probably account for tills variance. 

The tests conducted in two-phase flow presented some special 
difficulties, haturally, a question as to the proper Reynolds nunbor 
arose, Sinoe at present there does not seen to be an accepted definition 
of effective Reynolds number when condensation is present, the Reynolds 
number based on the model length was calculated from the viscosity data 
as presented in Ref, l£. With the use of this definition of Reynolds 
number, it was found that the base pressure was greater in absolute value 
with all model configurations used than would reasonably be expected 
by an extension of the curve obtained in one-phase flow. As condensation 
occurs, velocity and density remain practically unaltered, while pressure 
and temperature^ are greater than that with an uncondensed flow as 
discussed in Refs. 8 and 9, and boundary layer thickness is reduced. 

Thus, tie effect on base pressure in the present tests would seen to 
substantiate the theoxy propounded in Refs, 8 and 9 that condensation 
is increased after an expansion* In this case, as the flow expanded 
around the base of the model, more constituents of the air condensed, 
thus increasing he temperature and increasing the absolute base pressure, 
while decreasing the absolute value of the base pressure coefficient. 
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C. Static Pressure Distribution 



The final series of tests tras to determine static pressure on a 
cone-cylinder in one-phase and two-phase flow. The results are shown 
as Pig. 13» Several interesting trends were noticed. Over the cone 
surface, the pressure was higher nearest the verteoc than at other points 
on the cone. This phenomenon has also been observed on wedges in 
hypersonic flow, and it has been postulated ar being due to on inter- 
action between the shock wave and the boundary layer. The pressure on 
the cone in two-phaso flow s coned to substantiate the theory given in 
Ref. 9, Since the flow passod through a conical shod; at the nose of 
the cone, this shock decreased the flow condensation with a resultant 
decrease in absolute static pressure, vrnilo still discussing the 
two-pheso f low, tho static pressure on the cylinder night well be 
mentioned. The flow expanded around the shoulder which joined the cone 
end the cylinder, thus causing more constituents to condense while 
reducing lire botirdary lager thickness. These two effects tended to 
compensate for any not pressure change. The increased condensation 
tended to increase the absolute static pressure, virile the decreased 
boundary layer thickness made tho effective body radius smaller, thus 
permitting greater expansion and a lower absolute static pressure. 

With regard to tire variation of static pressure over the cylinder 
in one-ohase flow, some interesting results are apparent. Potential 
theory shows that tho statlo pressure ratio drould reach some minimum 
value at the 3houldor and then approach tho free stream condition 
asymptotically. A 3 determined experimentally, the static pressure 



m 

remained nr-centlaliy co*.stant at the highest Reynolds number used, and 
at the lower Reynolds numbers, static pressure actually decreased along 
the cylinder* This effect was also noticed in Ref* 1 !*• The phenomenon 
appeared to be due to the viscous effects* As the stagnation pressure 
decreased, boundary layer growth increased. She increased boundary 
layer changed the effective shape of the boc^ at the shoulder and 
resulted in a narked deviation from the theoretical value* To dote mine 
the theoretical values, a mean Mach mnber was chosen as shotm* 'die 
pressure distribution over the cone was calculated from Ref, 12, and 
the distribution over the cylinder was calculated by the method of 
characteristics in acd-ally-oyrnmctric flow as given in Procedure IA of 
Ref. 13. 






V. C0NCLUS3DIIS 



Tao following conclusions, based upon the results of these 
tests in the G/JjCIT 5" x $" Hypersonid viind Tunnel (Leg ho. 1), appear 
valid: 

(1) The critical length of the sting required to prevent feed- 

\ 

up in the boundary layer is approximately seven inches for Ihe present 
test conditions, d/h «* 0.3125* 

(2) Tao effect of varying effective sting diameter is not a 
monotonic variation at a Hach number of 5*8. 

(3) Base pressure increases monotonically for the Reynolds 
number range tested. 

(U) The effect of viscosity is great enough to diango the 
effective shape of the body in the vicinity of the shoulder and thus 
cause a noticeable deviation from the theoretical value in the region 
just behind the shoulder. 
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